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ABSTRACT 
Results from a feasibility study on rotating liquid-fluidized beds (RLFB's) 
are presented within this report. With the aim of demonstrating that RLFB's 
can be operated at higher liquid throughputs than conventional liquid-fluidized 
beds, a laboratory-scale RLFB was designed to generatr centrifugal accelerations 
ten times greater than normal gravity. Total radial pressure drop versus flow 
rate measurements were obtained for single-phase water flow at rotational speeds 
of 0, 4.34, and 5.96 rad/sec. Pressure drop measurements ranged from O to 20 
kPa for injection velocities ranging from O to 0.004 m/sec and increased with 
the injection velocity and the rotational speed. The centrifugal force field due 
to tangential motion of the fluid dominated the measured total pressure drop at 
nonzero rotational rates. Using the single-phase solutions of Arman [2j for the 
tangential velocity profiles within the rotating bed, approximate total pressure 
drop predictions were made showing good qualitative agreement with the 
experimental values. 
Predictions based on the single-phase sloutions were also shown to compare 
qualitatively with the velocity measurements and entrainment studies done on 
rotating gas-fluidized beds (RGFB's) by Levy, et al. Using an analysis similar 
to that applied to the RGFB entrainment studies, an explanation was offered 
for the observed behavior of the RLFB containing ion exchange particles of 
density 1100 kg/m3 and ranging from 300 to 1100 µm m size. 
With the information gained from these studies, a scheme for designing a 
RLFB to achieve uniform fluidization was developed and a RLFB was designed 
,,-
to fluidize 1000 µm glass particles without having entrainment. The cylindrical ( 
bed is 2.0 m in radius and 0.5 m in height. At a rotational speed of 23.4 ) 
{ 
I 
( '\ 
' 
rad/sec an estimated centrifugal force field 100 times greater than normal 
gravity acts on the particles within the RLFB. The flow of waler through the 
system is 2.17 rn3 /BR.c and the radial injection velocity is approximately 0.21 
m/sec. Assuming the particles follow solid-body rotation, a bed of glass 
parlilces less than 12 cm in thickness can be fluidized without entraining 
particles. The pressure drop across the RLF H is predicted to exceed 2500 k Pa 
under the design operating conditions. 
2 
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Chapter 1 
Introduction 
1.1 Concept of Rotating Fluidized Beds 
In conventional fluidized beds the upward drag force on the particles due 
to fluid flow past them is balanced by the force of gravity acting on the 
particles. In rotating fluidized beds, as sketched in Figure 1-1, fluidization is 
achieved by balancing thr radial component of the drag force acting on the 
particles with the centrifugal force on the particles. The solid particles inside 
the rotating cylindrical bed are forced radially outwards against the porous wall, 
which acts as the distributor plate, as a result of the centrifugal body force due 
to the tangential motion of the fluid and particles. 
Without flow through the system, the particles form a packed annular bed. 
Fluid flow, driven radially through the distributor plate by pressure forces, 
contacts the particles as it passes through the bed and exits axially through the 
hole in the top of the cylinder. If the flow through the system is increased, a 
point will be reached at which the particles begin to fluidize. By increasing the 
rotational speed of the bed, the tangential velocity of the fluid and particles 
within the bed increases and the centrifugal force acting on the partcles also 
increases. 
Provided that the radial fluid flow through the rotating fluidized bed is 
uniform, average fluidization velocities higher than those in a conventional 
fluidized bed can be achieved. Figures 1-2 through 1-4 plot calculated values 
for the minimum fluidization and terminal velocities as a function of the 
centrifugal acceleration acting on the particles when using water as the fluidizing 
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medium. The minimum fluidization velocities are calculated using the Ergun 
equation 17) and the terminal velocities are calculated using an empiric&I drag 
coefficient curve developed for flow past spheres [3). Figure 1-2 illustraLes the 
effect of changing particle size for a particle density of 2000 kg/m3, close to 
that of glass. These calculations predict that particles can be fluidized in 
RLFB's at radial velocities that exceed their terminal velocities m conventional 
liquid-fluidized beds. Figure 1-3 illustrates dH· effect of changing particle· 
density for a particle that is 6 mm in diameter. Figure 1-4 plots the minimum 
fluidization and terminal velocities of a 6 mm particle of density 2000 kg/m3 on 
an arithmetic scale to illustrate that the range of possible fluidization velocities 
is predicted to increase with the centrifugal acceleration acting on the bed of 
particles. 
If the radial component of the velocity is not uniform, but vanes with 
axial distance, the particles in axial locations with higher fluid velocities will be 
preferentially fluidized while particles In other locations remam packed. 
Similarly, at higher flow rates, particles in axial locations in which the radial 
fluid velocity is highest will be preferentially entrained. Thus, the operational 
characteristics of RLFB's clearly depend on the nature of the flow through the 
particles. Ideally, the bed of particles is uniformly fluidized; however, at the 
other extreme, particle entrainment occurs due to channelling of the flow 
through a relatively small area of the bed while a large portion of the bed 
remams packed with little or no flow through it. The latter extreme of 
operation appears undesirable from a mass transfer viewpoint since the velocity 
of the fluid past the bulk of the particles is small. 
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1. 2 Overview of RFB Research Work 
Reports of research work on RFB's, also called centrifugal fluidized bedR 
(CFB's), have appeared in thl' literatuw sincP thr mid 1960's. In thl' early 
1970's, Brookhaven National Laboratory (BNL) .reported results on minimum 
fluidization velocity and bed pressure drop experiments using rotating gas-
fluidized beds (RGFB's) [4]. High speed photographs indicated that their RGFB 
behaved qualitatively lih a conventional gas-fluidized hed, bubbling and 
expanding in thickness as the bed was fluidized. Investigators at HNL also 
analyzed the use of RGFB's for potential coal liquefaction and combustion 
applications I 15, 5 J. 
Studies were also conducted at the Air Force Aerospace Research 
Laboratories to investigate the fluidization characteristics of particles within a 
vortex chamber. This device employs a stationary distributor consisting of a 
series of peripheral vanes which impart a tangential component to the .inflowing 
fluid velocity. X-ray studies on the rotating bed of particles showed vigorous 
bubbling within the bed with no evidence of gas channelling II). 
During the mid 1970's, research efforts at Lehigh University were directed· 
at demonstrating the feasibility of using RGFB's in coal combustion processes 
I 11). Theoretical studies of minimum fluidization conditions, bed pressure drop, 
and particle elutriation were performed along with a parametric analysis of 
RGFB coal combustion systems for power generation applications !IO]. 
Laboratory investigations with RGFB's were carried out to study RGFB startup 
problems, bed pressure drop, minimum fluidization conditions, mixing rate and 
distribution of particles, and particle elutriation [9, 13]. In addition, techniques 
were developed to continuously feed and remove solids from the bed !12]. 
! 
'\ 
~ ..... , ... 
These experimental studies have demonstrated that the large radial 
accelerations generated in RGFB's lead to higher minimum fluidization velociti(•s 
than occur in conventional fluidized beds operating under normal gravity. Also, 
particle elutriation was shown to be delayed until higher velocities than ir1 
conventional beds. 
A more recent study done al Lehigh liniversity investigated the fluid 
mechanics within the RGFB in order to determine thr e(fect of th(• rotational 
flow patterns on particle entrainment jl3j. Single~phase velocity measurements 
for air flow through a rotating bed were obtained. In addition, entrainment 
studies on RGFB's were carried out. The air flow rate at which partirl<· 
entrainment begins was experimentally determined to be strongly dependent 011 
the rotational speed and the bed thickness. Also, a model for predicting th<· 
onset of elutriation showing qualitative agreement with experimentnl data was 
developed. 
Some of the other potential applications for RGFB's in addition to coal 
combustion and liquefaction include flue gas desulfurizaton, gas combustion, 
solids drying, food processing, waste incineration, and classification [ 11 j. 
1.3 Reasons for Interest in .RLFB's 
In comparison to gas-solid fluidization rn conventional fluidized beds, 
liquid-solid fluidization generally is charaterized by greater operational stability 
and beds that are more homogeneous with a uniform distribution of solid 
particles. Liquid-solid fluidized beds also undergo a regular expansion 
phenomenon with a continuous increase m interparticle distances ·from the fixed-
bed ·state to that of hydraulic transport. Although liquid-fluidized beds 
generally exhibit homogeneous particulate behavior, certain deviations from 
13 
'J 
-.......--·--·--
' •-, ~,.~,~.,.::;,L• 
ideality can occur 16]. Channelling, characterized by locally organized solids 
movement with vertically upward motions rn particular regions and downward 
motions rn others, is linked to a nonuniform velocity distribution of liquid at 
the base of the bed. This undesirable effect can be lessened by using a 
homogenizing section and a distributor plate that produce a uniform velocity 
profile. Low density strata called parvoids are also observed as horizontal 
bands that form at the distributor and propagatP up through th(• bed. 
In a bed of particles having a distribution of sizes and densities only a 
narrow. range of particles remain suspended [8 .. The lighter part.ilces are 
entrained and the heavier partilces settle at the bottom of the bed. 
Furthermore, l!quid-fluidized· beds tend to havt• lower possible throughputs than 
similar gas-fluidized beds because the liquid-fluidized particles generally have 
lower entrainment velocities due to higher fluid densi.ty. 
Since both the minimum fluidization velocity and the terminal velocity are 
shown to increase with the acceleration acting on the particles, RLFB's that 
produce centrifugal accelerations greater than normal gravity are expected to be 
able to operate at higher average velocities than conventional liquid-fluidized 
beds provided that the radial velocity ·is axially uniform within the bed. Thus, 
.higher liquid mass fluxes ai:e expected m RLFB's than are possible in 
conventional beds and smaller particles are expected to be fluidized at velocities 
at which only larger particles can be fluidized m conventional beds. 
Fluidization o{ smaller particles is expected to improve the mass transfer due to 
the increase in particle surface area. The higher relative velocity between the 
liquid and the solid particle is also expected to contribute to an increase in the 
mass transfer rate. 
1\ 
Conventional solid-liquid Ouidized beds are being used in industry for 
hydrometallurgical operations, catalytic cracking, 10n exchange, adsorption, 
crystallization, ~edimentation, and lixiviation. New liquid-solid Ouidization 
processes are currently being developed for use in food, biochemical, and waste 
treatment industries. Potential operations for biochemicals production includl' 
enzyme catalysis and cell culturing f6, 8:. 
Conventional liquid-solid fluidized beds are acqumng popularity as 
industrial liquid~solid contacting devices .despite the operating restriction of 
relatively low liquid throughputs. Therefore, this feasibility study was 
motivated by the desire to obtain higher liquid throughputs in RLFB's than are 
possible in conventional liquid,..fluidized beds. 
1.4 Scope 
With the ann of experimentally demonstrating the feasibility of RLFB's, a 
laboratory-scale RLFB was designed to generate centrifugal accelerations ten 
times greater than the normal acceleration due to gravity. To enable visual 
observations of both single-phase flow and solid-liquid fluidization experiments, 
the apparatus was constructed° mainly of plexiglass. 
Before performing any fluidization experiments, total radial pressure drop 
was measured as a function of water flow rate for several different rotational 
speeds. These measurements were then compared with predictions from the 
theory of single,-phase confined vortex flows. Fluidization studies were then 
carried out using cation exchange resin particles having a density of about 1100 
kg/m3 and diameters ranging from 300 to 1100 µm. 
Using the approximate single-phase solutions of Arman 12] for the radial 
and tangential velocity components within the rotating bed, a qualitative 
15 
f) 
explanation for the experimental RLFB observations wa.s presented. Th~ 
single-phase flow predictions were also studied to determine how the flow field 
inside the rotating bed changes with flow rate and rotational speed and were 
compared with experiment~) velocity measurements obtained previously for 
RGFB's. A model was then developed to predict whether particle entrainment 
can occur at a given operating condition and was compared 'Nith data from 
previous entrainment experiments using a RGFB. With the information gained 
from these studies, a scheme for designing a RLFB to achievr uniform 
fluidization was developed and a RLFB was designed to fluidize 1000 µm glass 
beads without having particle entrainment. Comments on the practical 
advantages and disadvantages of this design were also given. 
16 
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Chapter 2 
Theory 
2.1 Approximate Single-Phase Velocity Profiles 
Thr problem of describing tht· single-phase fluid flow through a rotating 
bed falls under thr theoretical treatment of confined vortex flows in which thP 
fluid enters with a specified tangential velocity, spirals radially inward, and rxits 
axially at some smaller radius. Other examples of confined vortex flows includt· 
the vortex formed over th<· drain as a sink is emptied and thr flows insidr a 
cyclone separator. Secondary radial flows are commonly present within th<· 
boundary layers due to rotation, known as the Ekman layers, and tend to havr 
a dominant effect on the entire flow through the system [ 14]. 
Levy, et al., have obtained a solution for the velocity distribution outside 
the Ekman layers by assuming inviscid and irrotational flow [I3j. Arman has 
more recently obtained approximate analytical solutions for the velocity profiles 
within the bed that account for viscous effects [2]. The flow fields occurring 
within the rotating cylindrical bed are broken down into four separate regions 
as indicated in Figure 2-1. 
Region I is called the source layer. Fluid passing through the distributer 
plate is assumed to have a uniform injection velocity, Uin' and the tangential 
velocity of the entering fluid is assumed equal to the solid-body velocity of the 
distributor plate. Region 2, the Ekman layer, occurs in a relatively thin layer 
next to the top and bottom rotating circular plates. Next to the plates the 
tangential fluid velocity follows solid-body rotation and the radial velocity is 
assumed to be zero. Region 3, the geostropic flow region, is characterized by a 
17 
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negligibly small radial velocity component. Thus, the source layer thickness is 
defined as the distance from the distributor plate at which the radial velocity in 
the source layer becomes zero. Depending upon the operating conditions, the 
source layer may extend deeply into the bed and geostropic flow may not occur. 
Finally, region 4, a swirling flow region, occurs near the cylinder's axis of 
rotation. Within this region the tangential velocity begins to decrease with 
radial position and the fluid tends to follow a swirling motion. The tangential 
velocity in the swirling reg10n 1s proportional to the radial position, but the 
angular velocity is not necessarily that of the rotating bed. 
Because of axial differences in the tangential velocities the centrifugal force 
field also varies with axial location. The tangential velocities in regions 1 and 
3 are expected to be larger than in region 2 due to the angular momentum of 
the incoming fluid. Thus, the incoming radial flow passes preferentially through 
the path of least resistance along region 2. Figure 2-2a illustrates the radial 
and axial streamlines for the situation in which the net flow rate through the 
rotating cylinder is large enough only to satisfy the requirements of the 
secondary flows through the Ekman layers and spirals out of the exit tube. At 
the opposite extreme, as illustrated in Figure 2-2b, is the case in which the 
mass flow rate in the chamber is much greater than that through the Ekman 
layers. A uniform radial velocity limit is reached with very thin Ekman layers. 
When the conservation of mass and momentum equations are written in 
dimensionless form, two dimensionless parameters anse. The Ekman number, 
E = v/OL2, represents a ratio of viscous to Coriolis forces and the Rossby 
number, t = U
0
/0L, represents a ratio of the convective acceleration to the 
Coriolis force, where U0 = Uin/ E
112. The nondimensional radial velocity is 
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Figure 2-2: Streamlines with Low Injection Velocity 
Figure 2-3: Streamlines with High Injection Velocity 
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, I 
defined a.s u 1 =- u/U
0 
and the nondimensional tangential velocity in a reference 
I 
frame moving at th·e angular speed of the rotating bed is defined as v - v/U0 
I 
Nondimensional radial and axial position variables are defined as. r , r / l and 
z':..:: z/ l, respectively. 
Within the source layer, the radial and tangential velocities for < • CJ. I 
are given by 
u 
I ' V - < ( r 
'· 
(I). 
(2). 
The radial position at which the source layer ends 1s obtained by setting 
equation (I) equal to zero. 
r (3). 
Equation ( 3) is considered valid for r, r < r 0, which corresponds to 
radial positions between the distributor and the ex.it hole. The source layer 
thickness is then defined as 
For radial positions at which part of the flow is occupied by the source 
layer, the radial and tangential velocities within the Ekman layers are given in 
terms of the corresponding source layer velocities. 
( 5 ). 
' ' 1/2 1 1/2' ' 1/2' 1/2' v e = u ,exp(-E- z )Bin(E- z) + v ,11 - exp(-E- z )co8(E- z )j (6). 
By differentiating equation (5) with respect to z' an expression results for 
the axial distance from the top and bottom plates at which the radial velocity 
in the Ekman layer reaches a local maximum. 
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zmcu -= ardanl(v, - u, )/(v, + u, )I (7). 
Substituting equation (7) into (5) gives an expression for the maximum 
velocity within the Ekman layer at a given radial position. 
Within the' geostropic flow region, the radial velocity 1s approximately zero 
and the tangential velocity is given by equation (8). 
() 
g 
( 8 ). 
It is interesting to note that when written m dimensional form the 
geostropic tangential velocity depends on the flow rate but the tangential 
velocity in the source layer does not. 
2.2 Pressure Drop vs. Flow Rate Predictions for Single-Phase 
Flow 
For radial positions outside of region 4 in a horizontal plane that bisects 
the cylindrical bed, the radial component of the momentum equation for steady 
laminar flow reduces to 
8P 2 iJu 
=- pf Iv /r - u-] (9). iJr iJr 
Thus, the radial pressure gradient for single-phase flow along this plane is 
due to the centrifugal force and the inertial force required to accelerate the fluid 
through the diminishing area available for flow. The tangential velocity in 
equation (9) is that measured relative to a stationary reference frame. The 
radial pressure drop through the rotating cylinder, not including the frictional 
pressure drop through the distributor, can be obtained by integrating equation 
(9) across regions 1, 3, and 4. Neglecting the contribution due to radial fluid 
acceleration gives 
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( 10). 
Substituting dimensional expressions for v and v g measured relative to a I 
stationary reference frame and neglecting the third integral yields 
2 2 [12 ( r 2 2 
0 2 r 0 (Uoro) 
r 
2 2) ' I flP =- p [-(- - I) 1 --(r r t 2U0ril /n(r,/r1) t { 11). f 2 2 2 I ' 2 r 
' 
2.~ Prediction of Minimum FluidizHtion and Terminal Velocities 
Assuming the radial pressure gradient acting on a rotating bed of particles 
1s due to drag forces acting on the particles from radial flow through the bed 
and centrifugal forces acting on the fluid, the radial pressure gradient 1s given 
by 
2 
dP 150( I t) µff 
-------+ 
1.75( I 
( 12). 
------+-
dr 
Here the Ergun equation 1s used to account for the drag forces acting on 
the particles. 
At minimum fluidization conditions, the pressure forces acting on the bed 
are balanced by the centrifugal forces acting on the fluid and particles. 
Assuming the particles and the fluid experience the same centrifugal acceleration 
at a given radial position, the radial pressure gradient at minimum fluidization 
conditions is written as 
dP Pf/mJ P/P - 1m/) 
-=--+---- (13). 
dr gc gc 
Equating equations ( 12) and (13) yields a quadratic equation for the local 
radial fluid velocity at minimum fluidization conditions 
2 2 
t.15(l - Emf)Pfmf l 50(l - £m/) µfmf 
------ + 
3 2 
(Pa - P}(l - lm}ac = 0 (14). 
£m/(¢aDp) £ml (¢pp) 
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Calculation of the termir1al velocity of a particle im1id1• a RFB 
balanc«· applied to the particlr 
F. , F K 
' 
FK represents th«' radial drag 
wher«' 
A 
I' 
I{ 
and 
/(Hr.) p 
writtrn Ill th«· radial dirrrtion 
Fe () ( I:,). 
fore<' acting Oil th«• part irlP and 
• i 
-[} 
4 ,, 
I 2 
-:/ fu'/ 
( 17). 
( 18). 
( 19). 
F 1s the bouyant force acting on the particl«~, given by 
I 
F ~[) 3p ,n ('.W). 
' 6 p J r 
F represent11 the centrifugal force acting on the partid«· 
r 
F 
C 
,r 'I 
-D · p a 
6 p ' r 
( '.l 1 ) . 
IH 
requ1reH a 
g1 Vl'II by 
Substituting equations (16) through ('.lO) inti> equation ('.ll) yields 
4a /) ·(µ pf) 
C p I 
3p I 
(2'.l). 
., Expressions for uT have b«~en obtained for three Heynolds number .rangeH. 
For the case of creeping flow, R«! < 1.9'.l, the drag roeflicicint iH given hy 
Jl 
CD . 24/ Rr.P ('.l:q. 
and 
D 2( 
ac p p' (24 ). 
For 1.92 < Re < 508.4, the drag coefficient is given approximately by 
p 
24 
and 
0 (p _ P )D 1.6 
I C I I p 10. 714 UT - (26). 13 88 0.4 0.6 
. Pl µ f 
Finally, for 508.4 , Re < 2x 105, the drag coefficient 1n the Newton\; law 
p 
region 1s approximately constant [3). 
CD =- 0.44 (27). 
and 
3.0Jo (pf 
I C 
pf 
(28). 
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Chapter 3 
Experimental Investigation 
3.1 RLFB App8r8tus 
A sketch of the experimental apparatus 1s shown in Figure 3-1. The 
RLFB consists of two circular plates having a diameter of 0.61 m and made 
from plexiglass 1.27 cm in thickness. A ring-shaped distributor plate, serving to 
support the particles and ensure a uniform radial injection velocity, is mounted 
concentrically between the two circular plates. The distributor plate is made 
from a rectangular piece of perforated aluminum, 7 .62 cm by 1.68 m, that is 
rolled into a cylindrical shell 0.267 rn in diameter. A layer of 250 mesh nylon 
f. 
sfreen stitched to the distributor prevents particles from passing out through the 
1.13 mm holes that provide 36 percent open area for flow. A layer of chamois 
cloth stitched to the outside surface of the distributor provides a greater 
pressure drop across the distributor plate and a more uniform injection velocity 
to the bed. The distributor plate is held in place by means of two machined 
grooves in the circular plates that are 2.38 mm deep, 3.18 mm wide, and .267 
m in radius. The circular plates are fastened to one another by eight 
assemblies, each consisting of a 7.30 cm plexiglass spacer column, a stainless 
steel threaded rod, two washers, and two nuts, which are equally spaced around 
the perimeter of the plates. 
The cylindrical bed is rotated by a stainless steel shaft 2.54 cm in 
diameter. The shaft is welded to a circular stainless steel plate that is fastened 
to the bottom plate of the cylinder using four flathead bolts that mount flush 
with the cylinder's inside bottom surface. A circular bore at the center of the 
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Figure 3-1: RLFB Experimental Apparatus 
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bottom plexigl888 plate and a machined step in the circular stainless steel plate 
ensure that the cylindrical bed and the shaft are concentric. The shaft 1s 
supported by and rotated on two pillow block bearings. At the opposite end of 
the shaft, a 0.254 m diameter pulley is attached. A V-belt interconnects this 
pulley to a 5.08 cm diameter pulley mounted on a l: I Browning right angle 
drive. This drive is coupled to a 0.186 KW A.C. motor and variable speed 
drive, enabling the bed's rotational speed to be varied between 0.7 and 3.9 
rev /sec. A 2.54 cm diameter lip seal that is press fit into a plexiglass mount 
and glued to the bottom of the rectangular enclosure prevents leakage of water 
past the hole in the bottom of the enclosure through which the rotating shaft 
passes. 
A 7.30 cm hole cut in the center of the upper circular plate allows water 
that passes through the cylindrical bed to pass through a 6.67 cm O.D. tube, 
which passes through a hole cut in the center of the top square plate of the 
enclosure. The plexiglass exit tube is glued to a flange that is in turn glued to 
the upper plexiglass plate. A bore machined in the upper plate, 15.2 cm m 
diameter and 2.38 mm deep, enables the exit tube and the cylinder to be 
concentric. A 6.67 cm lip seal is press fit into a ring-shaped plexiglass mount 
that is glued to the outer surface of the top square enclosure plate to prevent 
water from leaking past the rotating exit tube. 
A 0.254 m length of 15.2 cm 0.D. plexiglass tubing is glued onto the 
upper enclosure plate concentric with the exit tu be to contain the effluent liquid 
while it drains by gravity to a surge tank for recirculation. 
A frame made of angle iron and steel plating supports the rectangular 
enclosing vessel and serves as a mount for the two pillow block bearings. 
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The rectangular enclosure is made from 1.27 cm thick plexiglass sheets in 
order to visually observe the fluidization phenomena occurring within the 
cylindrical bed. The top and bottom plates are 0.737 m square and the 
rectangular sides measure 0.724 m by 0.229 m. The bottom and sides are 
permanently fa.stenend with glue, screws, and sealant. A 3.18 mm thick rubber 
gasket between the top plate and sides seals the top plate, which is fastened 
with screws so that it can be removed. 
The radial pressure drop across the cylindrical bed and distributor is 
measured with a manometer having liquid-filled legs. The pressure taps are 
located in the center of the cylindrical bed and in the middle of one side of the 
enclosure. The central pressure tap is mounted by means of a Swagelok 
bulkhead union connection that 1s fastened to a circular plexiglass plate 
mounted on top of the drainage tube. 
Flow of water to the RLFB is provided by a Goulds centrifugal pump 
powered by a 0.559 KW A.C. electric motor. Water is fed to the pump from a 
surge tank. Part of the flow from the pump is diverted back to the surge tank 
by means of a bypass line and valve and the remaining flow passes through 
either of two rotameters and then into the RLFB. The smaller rotamter 
measures water flows between 0.1363 and 1.090 m3 /hr and the larger rotameter 
measures flows between 0.1817 and 12.49 m3 /hr. Water passing through the 
RLFB leaves through the exit tube and drains back into the surge tank. 
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3.2 Experimental Procedure 
Before beginning an experiment the surge tank was filled with water and 
the enclosing vessel and chamber were also filled with water pumped from the 
surge tank. Trapped air within the enclosing_ chamber was purged. After filling 
the system with water, the variable speed electric motor was started and ttw 
rate of rotation of the cylinder was adjusted. Rotational speed was determined 
by measuring the elapsed time for 30 revolutions of the cylinder. The total 
pressure drop without flow was then measured by means of a manometer. ThP 
pump was then started and the flow rate through the RLFB was adjusted by 
manipulating the flow through the bypass line. After waiting for the flow ratr 
and Pl\C~ssure drop to stabilize, both the manometer and the rotameter were 
read. Pressure drop versus flow rate measurements were taken over a range of 
flow rates for sever~! different rotational speeds. These measurements were also 
taken without rotation to determine the importance of pressure drop through 
the distributor. 
After adding measured quantities of cation exchange resm particles to the 
RLFB, visual observations were made under several different operating 
conditions. A video casette recording of several different sequences of operating 
conditions was made which also illustrates the unique startup and shutdown 
phenomena. In addition, 35-mm high-speed flash photographs of the RLFB 
operation were taken. 
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Chapter 4 
Experimental Results and Discussion 
4.1 Experimental Observations 
While operating the bed without particles to obtain the single-phase 
pressure drop versus flow rate measurements, a vortex is observed to form in 
the exit tube. The depth of the vortex increases with increasing flow rate at a 
given rotational speed and extends into the cylindrical bed along the axis of 
rotation. This indicates that the tangential velocity of the exiting fluid 
increases with the flow rate through the system. Figure 4-1 presents a picture, 
taken looking down along the vertical axis of rotation, that illustrates the 
swirling nature of the exit flow. 
For the experimental rotational operating speeds, the gravitational force 
acting on the particles within the RLFB was not negligible in comparison to 
the centrifugal force acting on the particles. The angle between the free surface 
of the packed bed and the distributor plate appeared to roughly follow the 
arctangent of the ratio of gravitational to centrifugal force fields, which is 
predicted by a force balance. As a result, the bed of particles was tapered and 
particles near the surface of the packed bed closer to the lower circular 
plexiglass plate were at a smaller radial position than particles near the upper 
plate. A photo of the packed bed rotating at about 4 rad/sec 1s shown in 
Figure 4-2. Note that the upper part of the distributor plate 1s not even 
covered with particles. 
Figure 4-3 depicts a photo of the RLFB containing ion exchange resm 
particles and operating at a radial injection velocity well below the predicted 
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Figure 4-1: Swirling Flow Through Exit Tube 
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Figure 4-2: Bed Taper Due to Gravity 
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minimum fluidization velocity of the smallest particles. Entrainment through 
the bottom Ekman layer was primarily observed; however, particles were also 
entrained through the top Ekman layer. This phenomena can br qualitatively 
predicted by the single-phase theory which indicates that the local maximum 
radial velocity increases with radial distance towards the center of the oed. 
The maximum radial velocity at the top surface of the bed was apparently 
below the terminal velocity of the particles located there. Figure 4-4 shows 
that the particles next to the upper plate appear to be packed; yet, a loose 
band of particles extends radially inward along the bottom plate and particles 
are oberved to be entrained from finger-like projections. The RLFB is rotating 
in the clockwise direction as viewed from above and these projections appear to 
be pointing in the opposite direction. These particles appear to be moving at a 
lower tangential velocity than the rotating cylinder; however, the loose band of 
particles may be rotating faster than the cylinder, as expected for single-phase 
fluid flow, and the fluidized particles may settle to the surface of the bottom 
plate and thereby lose rotational speed. Note that the particles are predicted to 
entrain at a distance above the wall where the radial velocity reaches a 
maximum. 
Figure 4-5 shows a photo of the entrainment process taken with a slower 
shutter speed to illustrate the streaklines of the entrained particles. The 
tangential component of a particle's velocity is clearly larger than the radial 
component. The particles follow a spiralling path towards the center and 
accumulate on the bottom distributor plate. After operating with entrainment 
for several minutes, the swirling pile of particles collected at the center 
eventually began to be carried out through the exit tube. A view of- this 
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Figure 4-3: Particle Entrainment Through the Ekman Layers 
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Figure 4-4: 
Nonuniform Fluidization Within RLFB 
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elutriation process looking down into the exi"t tube is shown in Figure 5-6. As 
the photo indicates, the particles spiral up through the exit tube along the tube 
wall. 
4.2 Comparison of Experimental Single-Phase Pressur<' Drop vs. 
Flow Rate Measurements With Theoretical Predictions 
By means of a pressure tap located at the center of th<· cylindrical lH'd 
and one in the center of one Mide of the enclo!ling chamber mo1mtPd flush with 
the inside !lurface, the total radial pre!lsure drop iH me8.!1Ured using a ll-tulH' 
manometer. The total pres!lure drop measurement for single-pha.'I<' flow through 
the rotating bed include!! the radial pressure drop acros!l the bed, tlw frictional 
pr'e!l!lure drop across the distributor, and the radial pressure drop in tht> 
enclosing chamber from the outer pressure tap to the outside surface of the 
distributor plate. 
Pressure drop versu!I flow rate measurements for two rotational speeds and 
no rotation are presented in Figure 4-7. Assuming that the pressure drop 
·measured across the distributor plate is not dependent on rotational speed, but 
depends only on flow rate, the pressure drop versus flow rate rnrve for {l 0 
rad/sec indicates that for the experimental range of flow rates the pressure drop 
across the distributor is almost negligible compared to the total pressure drop, 
When operating with rotation it appears that the dominant part of the pressure 
drop arises from the centrifugal force field d':Je to the tangential velocity of the 
fluid. For the case of no flow through the Hystem when operating at a given 
rotational speed, the total measured pressure· drop ariHes due to tangential fluid 
motion, which is expected to follow the solid body rotation of the bed. Under 
this no-flow condition, the fluid within the enclosing chamber acquires tangential 
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Figure 4-5: Streaklincs of Entrained Particles 
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Figure 4-6: Elutriation Through Exit Tube 
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motion and contributes to the measured pressure drop. 
At a given rotational speed, the data indicate that the total pressure drop 
increases with increasing flow rate through the system. Since the frictional 
pressure drop across the distributor and the pressure drop due to radial 
acceleration of the fluid as it flows through the system are very small, as shown 
by the {l =- 0 rad/sec profile, the tangential velocity of the fluid appears to 
determine the total pressure drop. Since the total pressure drop increases with 
radial injection velocity, the tangential velocity of tl)(' fluid also appears to 
increase with radial injection velocity. 
Also plotted in Figure 4-7 is the predicted radial pressun· drop within the 
cylinder across the regions occupied by the source and core layers. Since no 
solutions for the tangential velocity in the swirling flow region are available, the 
pressure drop through this region could not be calculated. The core region is 
assumed to extend to the radius of the exit hole. The qualitative agreement 
between the calculated pressure drop within the cylinder and the experimentally 
measured total pressure drop at the same angular speed is evident. At low 
flow rates the predicted pressure drop is smaller than the measured value as 
expected since the pressure drop across the enclosure is not accounted for in the 
calculations. At higher flows, the calculated pressure drop values overpredict 
the experimental values. 
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Figure 4-7: Pressure Drop vs. Injection Velocity 
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4:~ Comparison of Sfogle-Phase Velocity Measurements with. 
Theoretical Predictions 
Levy, et al., measured the ·velocity profiles for the flow of air through a 
rotating cylindrical bed using a hot-wire anemometer. The cylindrical , test 
section had a radius of 0.10 m and a height of 0.127 m and was rotating at an 
angular speed of 13.1 rad/sec. Air flowed radially inward through th(• 
·distributor plate at an average speed of 2.88 m/sec and exited through .a large 
hole in the center of the upper plate 0.07 rn in radius. 
A comparison of the radial velocity measurements taken at r .: 0.090 m 
and r - 0.075 m with values calculated using equations (I) and (5) is shown 1n 
Figures 4-8 and 4-9, respectively. For this set of operating conditions, a Rossby 
number of 225 is calculated and the radial velocity within the source layer is 
predicted to vary approximately as 1 /r. The source layer is predicted to extend 
from the distributor beyond the exit hole radius. The Ekman number for this 
operating condition is 5.92 x 10·5. The axial nonuniformities iri the measured 
velocity profiles have been attributred to the presence .of the large exit hole 
rather than to flow through the Ekman layers [ 13]. This statement 1s 
supported by the observation that the velocity profiles become more uniform as 
the radial distance from the exit hole increases. The approximate single-phase 
radial velocities within the source layer show no dependence on axial position; 
however, the predicted' radial velocities within the source layer ihould tend to 
show better agreement with experimental values as· the size of the exit bple is 
decreased and its effect on the radial velocity at a given radial position is also 
decreased. 
A comparison between experimentally measured and predicted tangential 
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at r = 0.090 m in a RGFB 
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at r == 0.0750 m in a RGFB 
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velocities is given for r = 0.090 m and r - 0.07 5 m in Figures 4-10 and 4-11, 
respectively. Again, the large exit hole appears to cause the tangential velocity 
profiles to become less axially uniform as the radius is decreased. 
4.4 Analysis Applied to RGFB's to Predirt Particle Entrainment 
Levy, et al., investigated thr entrainment of glass beads with a 
distribution of particle diameters ranging from 180 to 500 µm. Air at one 
atmosphere and room temperature was used to fluidize the glass particles 
contained within a RGFR with radius and height both 0.15 m. An analysis of 
the size distribution of the entrained particles indicated that the smaller 
particles were entrained preferentially. Therefor<·. to determine the minimum 
radial injection velocity for which entrainment occurs, terminal velocities 
calculated for the smallest particles are compared with the maximum predicted 
radial velocities occurring within the bed. 
To calculate the terminal velocity profile for the particles it 1s first 
necessary to estimate their tangential velocity, which determines the centrifugal 
force acting on them. The tangential velocity of the fluidized particles is 
expected to be bounded by the solid-body velocity of the cylinder and the 
tangential velocity for single-phase fluid flow through the rotating cylinder. 
This lower limit is supported by the observation that a packed bed of particles 
rotates at the same angular speed as the cylinder. Assuming that the particles 
do not drastically alter the tangential velocity of the fluid flowing through the 
RGFB from that of single-phase flow, the tangential velocity of the fluid in the 
source layer, which is expected to be greater than solid-body rotation, may tend 
to increase the tangential velocity of the fluidized particles above the solid-body 
velocity. 
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Figure 4-10: Measured and Predicted Tangential Velocities 
at r = 0.090 m in a RGFB 
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In the glass particle elutriation studies reported by Levy, el al., elutriation 
began at a radial injection velocity of 1.9 m/sec while operating their RGFB at 
an angular speed of 31.4 rad/sec with 4.1 kg of particles, corresponding to a 
packed bed thickness of 0.02 m. Figure 4-12 contains a plot of the maximum 
radial velocity pridirted for single-pha.c;(• flow through the cylinder. Two 
terminal velocity profiles for the 180 µm particles are plotted: one profile 
assumes that the particles follow solid-body rotation and the other assumes that 
the particles have the same tangential velocity as the single-phase fluid. The 
intersection of the terminal velocity curvP with solid-body rotation and the 
maximum radial velocity profile at r (l.08 m predicts that 180 µm particles 
located at smaller radial positions in axial locations where the radial velocity is 
maximized will be entrained. 
Since the experimental bed thickness under these conditions was about 0.03 
m, this method of analysis suggests that entrainment should not yet occur; 
however, the assumption of solid-body particle motion gives better qualitative 
agreement than that of single-phase fluid motion. Although this analysis 
overpredicts the mm1mum radial injection velocity for entrainment, the results 
obtained are in better quantitative agreement than those obtained by assuming 
that the radial fluid velocity varies uniformly as 1/r. 
Figure 4-13 shows that at an injection velocity of about 2.83 m/sec, at 
which the bed expands to a thickness between 0.03 and 0.055 m, entrainment is 
predicted to occur. A likely explanation for the discrepancy between the 
experimentally observed and predicted results is that the relatively large exit 
hole causes the radial velocity profiles in the vicinity of the exit hole to be 
axially nonuniform. This could lead to larger values for the maximum radial 
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velocities than predicted by the approximate solution. 
Figure 4-12 also contains a plot of the radial velocity profile within thr 
source layer and two minimum fluidization profiles: one assumes that tll(' 
particles follow solid-body rotation and the other assumes that the particles 
follow the tangential velocity of the single-phase fluid flow. Since the packed 
bed of particles follows solid-body rotation, the bed of particles at minimum 
fluidization conditions is expected to do the same. The radial velocity of the 
fluid is then predicted to exceed the minimum fluidization velocity of the 
particles within the source layer and fluidization is expected to occur. Levy, et 
al., observed that their RGFH bubbled violently which made it difficult to 
measure the bed thickness as the bed expanded with increasing flow rates. 
Figure 4-13 also shows the predicted source radial velocities and minnnum 
fluidization velocities of the particles, assuming solid-body particle rotation. 
Again, the particles within the source layer are predicted to be fluidized. 
These comparisons of experimental single-phase velocity measurements and 
particle elutriation studies under conditions for which fluidization was observed 
in RGFB's with predictions based on single-phase fluid flow have been done to 
justify the use of similar predictions to explain the behavior of the RLFB under 
the range of experimental operating conditions that was investigated. The 
information learned from this study is then applied to design a RLFB in which 
fluidization occurs without particle entrainment. 
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Chapter 5 
RLFB Feasibility Analysis 
6.1 Determination of an Operating Range to Achieve Uniform 
Fluidization without Elutriation 
To fluidize an annular bed of particles contained in a RLFB it is 
necessary that the radial velocity of the fluid through the bed be fairly uniform 
and lie between the minimum fluidizatio11 and terminal velocity of the particlrs. 
For the geometry of the RLFB used in this study and for a rotational speed of 
IO rad/sec, the source radial velocity profiles are plotted in Figure 5-1 for 
different Rossby numbers. At low injection velocities, which correspond to low 
Rossby numbers, the the radial velocity in the source layer drops off rapidly to 
zero at which point the source layer ends and the geostropic core region begins. 
With increased injection velocities, the predicted profiles drop off less steeply 
and the source layer extends further towards the center of the cylinder. At still 
higher injection velocities, the radial velocity in the source layer tends to 
increase as the center of the cylinder is approached, and, as the Rossby number 
goes to infinity, varies approximately as 1 / r. 
Since u becomes smaller than U. at low injection velocities, the flow 
s rn 
must be diverted through the Ekman layers. Within these boundary layers, the 
radial velocity is predicted to have both axial and radial dependence. Figure 
4-2 shows the radial velocity profile that is predicted to occur within the 
Ekman layers as a function of the axial distance from the top or bottom plates. 
The profile shown is calculated at r 0.25 m for operating conditions typical 
of the experimental RLFB. The radial velocity is predicted to be very 
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I 
I 
\ 
\ 
nonuniform at this radial location. Each Ekman layer occupies approximately 3 
percent of the area available for flow. Assuming that the single-phasr 
predictions qualitatively describl' the superficial fluid flow through a RLFH. 
particles at this radial location cannot bt· uniformly fluidized. Since th(' 
terminal velocity 1s roughly 10-20 times larger than the minimum fluidization 
velocity, it appears impossible to fluidize thP bulk of thP particles without 
having entrainment through the Ekman layPrn sincP it is impossiblt· to opcratP 
with both u r < u and uT < u . It is apparentl.v possiblr to or>erate without 
m a max t 
entrainment by using particles with uT > 
particles would not be fluidized since umr 
u ; however, the bulk of thesP 
max 
u . Fluidization could bP achieved 
B 
by selecting particles with u r ;, u ; however, a significant rate of entrainment 
m B 
through the Ekman layers is expected under these conditions. 
Since the radial fluid velocities are predicted to attain a local maximum 
within the Ekman layers at a given radial position, the maximum radial velocity 
profile can be generated. Figure 5-3 illustrates the expected effect of changing 
U. on the maximum radial velocity for water flowing through the experimental 
m 
RLFB at o 10 rad/sec. For the experimental operating co
nditions, 
< = 0.1 ~ 1.0, the maximum radial velocity is expected to increase rapidly with 
inward radial distance from the distributor. At higher Rossby numbers, which 
correspond to higher injection velocities, the maximum radial velocity is 
expected to increase less rapidly, and as < tends to infinity the maximum 
velocity exhibits the same 1 /r dependence as the source radial velocity. 
Figures 5-4 and 5-5 illustrate the effect of changing only rotational speed 
on the source radial velocity profiles and the maximum radial velocity profiles 
m the Ekman layers, respectively. At a given flow rate, an increase in 
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J 
rotational speed causes the source radial velocity to decrease and at sufficiently 
high rotational speeds the radial velocity goes to zero and th<' source layer 
thickness decreases. Figure 5-5 shows that as th(· rotational speed is increased 
the predicted maximum radial velocity also increases. 
Figure 5-6 plots the ratio of the maximum radial velocity in the Ekman 
layers to the radial source velocity as a function of radial position for various 
injection velocities. At lower Rossby numbers, or lower injertio11 vilocities, this 
ratio is predicted to increase rapidly with radial distance from the distributor. 
For higher Rossby numbers, this ratio increases less rapidly and appears to 
approach an asymptote as r decreases. As I increases, th<' radial velocity 
becomes more uniform. Thus, if u > u r then u is less likely to exceed uT a m max 
when operating at higher injection velocities. 
5.2 WorkBble Design of 8 RLFB 
Having shown the utility of the single-phase theory in qualitatively 
predicting the behavior of RGFB's and in explaining why uniform fluidization 
was not achieved in the RLFB experiments in this study, similar methods can 
be incorporated into the design of a RLFB that enables uniform fluidization 
without entrainment. Thus, for particles of a given size and density, it is 
desirable to specify a design in which u exceeds u f' but u If. less than uT B m max 
over a range of radial positions allowing for a reasonable fluidized bed thickness. 
Since the radial velocity profiles predicted for the geometry of the 
experimental RLFB appear to be governed by the Rossby number, it is selected 
as a key parameter necessary for the design of a RLFB that is predicted to 
fluidize the particles without entraining them. 
After selecting the particle size and density and the fluid to be used, a 
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design value for the Rossby number is determined. For this example design, 
glass beads 1 mm in diameter are to be fluidized using water. To insure that 
the bulk of the particles are fluidized, the radial injection velocity is arbitrarily 
set 1.5 times greater than the minimum fluidization velocity of the particles 
located next to the distributor. At this radial location, the centrifugal 
acceleraton acting on the particles is calculated by assuming that their 
tangential velocity follows the solid-body rotation of the bed. 
Since umr depends on the centrifugal force field acting on the particles, the 
specified radial injection velocity also depends on the centrifugal force field. 
Therefore, the injection velocity can be calculated for several different radial 
accelerations. For a given injection velocity, the rotational speed that 
corresponds to the specified inlet velocity can be determined. Using this value 
for the rotational speed, the bed radius necessary to generate the required 
centrifugal acceleration can also be determined. 
Table 5-1 contains example calculations done for Rossby numbers of 20 
and 30. The calculations performed for centrifugal accelerations 100 times that 
of normal gravity for the same Rossby numbers yield more realistic values for 
the required bed radius, r
0
• For this design, a bed radius of 2.0 m and a 
rotational speed of 23.4 rad/ sec result from a Ross by number of 7 4. 
a um/m/sec} nma)rad/sec} r0(m} C 
20 IO 0.016 0.689 
207 
20 100 0.14 52.7 
0.353 
30 IO 0.016 0.306 
1046 
30 100 0.14 23.4 
1.78 
Table 5-1: Rotatonal Speed and Bed Radius 
as a Function of u f' a , and t ID C 
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The height of the cylindrical bed, L, may then be selected ba.eed on thr 
desired throughput; however, as L i!! decreased the maximum radial velocities in 
the Ekman layers are also predicted to inrreasr. Hoth thr sourer radial velocity 
and the maximum radial velocity profiles may then be calculated. Thr range of 
mm1mum fluidization and terminal velocities of thr particles may also he 
calculated by assuming that thr tangential velocity of the fluid within the 
source layer is bounded between the rotational speed of thr cylinder and that of 
the single-phase fluid flow. A graph containing all of these radial velocity 
profiles indicates the maximum predicted bed thickness and also shows whether 
the bulk of the particles are predicted to be fluidized over this range. 
For L .--: 0.5 m, corresponding to a design flow rate of 2.17 m
3 
/sec, tlw 
predicted radial velocity profiles are illustrated in Figure 5-7. At these design 
conditions, entrainment is predicted to occur for fluidized bed thicknesses greater 
than 12 cm if the particles follow solid-body rotation. The predicted mrnunum 
fluidization velocity is below the source radial velocty indicating that a bed of 
particles less than 12 cm thick should be fluidized but not entrained. For this 
RLFB size, the exit hole is not expected to significantly effect the radial 
velocity distribution in the region occupied by the particles. 
The predicted single-phase pressure drop across the RLFB at these 
operating conditions 1s 2500 kPa and the total pressure drop is expected to be 
larger. In comparison, the pressure drop through a conventional packed bed of 
particles of the same thickness and having the same superficial fluid velocity 1s 
estimated to be about 2040 kPa. In a conventional fluidized bed the pressure 
drop corresponding to a given velocity is lower than that m a packed bed in 
which the particles are constrained. In this design of a RLFB the pressure 
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drop is not smaller than that in a conventional packed bed due to the pressure 
gradient established by the centrifugal force field. Thus, it appears that the 
operating costs for the RLFB are higher than those for the conventional packed 
bed; however, the extent of liquid-solid contact made in the RLFH is expected 
to be higher since relative motion between the liquid and the particles is 
expected to occur both radially and tangentially. In addition, a liquid-fluidized 
bed is less likely to become plugged than a packed bed. 
5.3 Expected Difficulties 
From the experience gained by building and operating the RLFB in this 
study, several difficulties are anticipated in realizing the 2 m RLFB that has 
been designed. Sealing the enclosure vessel as well as the rotating shaft and 
exit tube under these operating pressures may pose a problem. 
Also the 
structural requirements of the enclosure would be great in order to withstand 
the pressure forces exerted by the fluid. The pressure head and flow rate 
requirements of the pump are also excessive. 
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